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1. Introduction 

    Cooperative Multi-User MIMO is known 

for its advantage that it allows concurrent 

transmissions from different devices. As long as 

single-antenna nodes are synchronized, they 

cooperate to emulate a multi-antenna node to 

communicate with a multi-antenna AP. 

Therefore, Multi-User MIMO has a direct 

theoretical capacity gain that’s proportional to 

the number of nodes, which are not required to 

be multi-antenna terminals. This leads to high 

flexibility in terminal size and is beneficial for 

small mobile devices such as smartphones, 

tablets and laptops that have too small 

infrastructure to include multiple antennas. 

    We noticed that these portable small devices, 

especially smartphones and tablets are usually 

attached with high mobility when in use. In the 

paper assignment, we read about rate adaptation 

for multi-user MIMO [1], the researchers did not 

address issues on user mobility, an important 

factor that affects throughput since the chosen 

bit rate greatly depends on inter-angle between 

any two of the clients. Therefore, we think that 

mobility should be taken into account for 

affecting throughput in MU-MIMO 

communication. More specifically, in a MU-

MIMO system, mobility affects its throughput 

by affecting the following parameters: 1) the 

distance between transmitters and the AP, and 

thus the path loss and the SNR 2) the distance 

between the two synchronized transmitters that 

determines whether the two transmitters are able 

to synchronize. 

    The rest of this report is organized as follows: 

the detailed proposed simulation setup is 

described in section 2; expected results to get 

from our simulations are discussed in section 3, 

followed by our simulation results in section 4. 

Finally, we will conclude about our project and 

talk about our system’s limitation in section 5. 

 

2. Experimental Methodology 
2.1. Experimental Setup 
    The simulation is set in a virtual indoor office 

environment. The area is a square with a side 

length of 20 meters. We emulated a real office 

environment where both fixed (e.g. desktops) 

and mobile (e.g. smart-phones) devices exist, 

and thus set 10 mobile nodes and 10 fixed nodes. 

We considered only 2-by-2 MU-MIMO—at 

most two devices (each with one antenna) are 

allowed to transmit to the AP (with 2 antennas) 

simultaneously. We chose to use high directional 

and high speed link (e.g. visible light and 60 

GHz) as our synchronization link for fast 

synchronization. 

    We divided time into small time slots. During 

each slot, the AP will randomly choose a pair 

from all synchronized pairs to transmit as in 

MIMO. If no synchronization happens, AP will 

randomly choose a single node to transmit as in 

SIMO. 

    We decided to do large packet (e.g. images) 

transmission due to the following reasons: a 

packet of typical size 1500 bytes requires about 

300 microseconds to transmit with a fair data 

rate; we have to set our time slot length to 100 

microseconds accordingly. However, a 60 

second-simulation will then cost more than 10 

hours to finish running. Additionally, mobile 

nodes have typical speed scale of meter/second, 

if we use microseconds as our time interval, 

mobile nodes will have negligible movements 

during the first thousands of slots. The nodes 

will look still, which deviates from our main 

concern and focus. Therefore, instead of 

transmitting small packets, we decided to 

transmit large packet such as an image of 1.5 

MB that requires a transmission time of around 

0.3 seconds. Accordingly, time slot interval is 

set to 0.1 second and 3 slots are needed on 

average to transmit an image. We assumed that 

all nodes are backlogged to transmit packets of 

the same packet size. 

https://www.dropbox.com/s/440rfre71g7u6aq/turn-in%20codes.zip
https://www.dropbox.com/s/440rfre71g7u6aq/turn-in%20codes.zip


 

2.1.1. Rule of transmission 

    Each transmission requires 3 slots to complete; 

SNR of the first slot of each transmission is 

referred as the initial SNR. Only if SNRs of two 

later slots are both larger than 80% of the initial 

SNR, the transmission is seen as successful. 

Otherwise the transmission fails and the current 

3 transmission slots are wasted. At each slot, AP 

first checks if there is a pair of nodes 

transmitting during the previous slot. If yes, AP 

will then check for current SNR and whether 

that pair of nodes are still able to synchronize, 

which is to say, the current distance between the 

two synchronized nodes is still within the 

distance threshold. If there is no pair 

transmitting during the previous time slot, AP 

checks if there is any synchronized pair at the 

current slot. If yes, it will randomly choose a 

pair to start a new MIMO transmission. 

Otherwise it will randomly choose a single node 

to transmit as in SIMO.  

    To sum up, in a MIMO transmission, a 

transmission may fail due to 1) current SNR is 

smaller than the initial SNR of the current 

transmission 2) the pair of nodes loses 

synchronization due to the change of their 

distance 3) physical substances that prevent 

from synchronizing, and thus a weight of 0.9 is 

set to synchronization. 

    In a SIMO transmission, a transmission may 

fail due to 1) current SNR is smaller than the 

initial SNR of the current transmission 

 

2.1.2. Parameter determination 

    Typical Transmit Power (Range): Through 

our research, we found that the typical Wireless 

LAN transmission power in laptops is 32 mW 

and maximum EIRP (Equivalent Isotropically 

Radiated Power) for IEEE802.11g is 20-100 

mW. Therefore, in order to learn the relationship 

between throughput and transmit power, we vary 

the transmit power from 20 mW to 100 mW [2].  

 

2.1.3. Mobility Model 

    Our mobility model is to describe movement 

pattern of mobile users in the office, and how 

their location, speed and acceleration change 

over time. The positions of ten fixed nodes are 

randomly selected points within the office area, 

and the movements of ten mobile nodes are 

simulated using random waypoint mobility 

model. 

    We chose our mobility model in the following 

way. Based on specific mobility characterization, 

there are three classifications of mobility models 

[3]: 1) random model, in which nodes are 

independent and move to a random destination 

with a randomly selected speed. This random 

model is most frequently used due to its 

simplicity. 2) Model with temporal dependency, 

which depends on movement history. 3) Model 

with spatial dependency, in which mobile nodes 

move in a correlated way. We chose to utilize 

random walk because in our scenario, people 

have high degree of randomness and 

independence moving in the office. There is 

neither clustering nor location changing based 

on previous movements.  

    To be more specific and realistic, we 

implemented random waypoint model that 

includes a pause time whenever a mobile node 

reaches its destination. In our simulation, each 

node starts from a randomly chosen position and 

moves in a randomly chosen direction [-180, 

180] (degree), at a constant speed that’s 

randomly chosen within a range [1, 1.5] (m/s). 

After moving for a randomly chosen time within 

[2, 6] (s), each node pauses for the same amount 

of time (0.5s) and then keeps their random 

movements. A detailed algorithm for our 

random waypoint model is as below: 

    Step 1: each node chooses a random position 

within the boundaries as their initial locations 

    Step 2: each node randomly selects a direction 

    Step 3: each node travels with a fixed speed 

and a randomly selected moving time 

    Step 4: each node pauses for 0.5 seconds 

    Step 5: go back to step 2 until the simulation 

terminates. 

 

 

 

 

 

 

 

 

 

 
 



2.1.4. ITU Channel Model

[Figure 1. ITU Channel Model for a typical office area] 

 

    We utilize ITU Channel Model [4], which is 

shown in Figure1 to calculate the path loss in 

indoor environment. In a typical office 

environment, distance power loss coefficient is 

30 and floor penetration loss factor is 1 (in dB). 

For example, for 2.4GHz frequency and 20 MHz 

bandwidth, the path loss due to 3-meter 

separation distance between AP and a portable 

device is 68.9dB. Given transmit power, noise 

level and the path loss, we can calculate the 

SNR at receiver. Additionally, Note that tripling 

distance between the base station and the 

portable results in a 14dB path loss and therefore, 

the distance between the transmitters and 

receivers are essential. 

 

2.2. Throughput Calculation 

 
[Figure 2. Plot of FDR as a function of SNR with 

different transmission rate [5]] 

 

    Since we want to compare the throughput of 

different schemes, we need to find a way to 

compute the throughput and to evaluate their 

performance. We assume that we can always 

achieve capacity and thus throughput depends 

on SNR only. From Figure2, at each SNR level, 

we can find the highest possible data rate with 

packet delivery ratio 1 and define it as the data 

rate (throughput) for that SNR level. For 

example, because the highest possible data rate 

with packet delivery ratio 1 is 12Mbps, we can 

map SNR level 10dB to data rate (throughput) 

12Mbps. Note that when SNR is smaller than 10 

dB, we assume that it’s almost impossible for 

receiver to decode any information. As a result, 

any SNR level less than 10 dB is mapped to zero 

throughput. The resulting mapping table is 

shown in Figure 2 above. 

    Then we can calculate the throughput in the 

following steps: 

    1. For each 3-time-slot-long transmission, we 

use ITU Path Loss model, which takes distance 

between transmitter and receiver as an input and 

returns the corresponding path loss, to calculate 

SNR.  

    2. Then we can map the calculated SNR value 

to data rate (throughput).  

    3. Finally, we can calculate the overall 

throughput for all three different schemes: SISO, 

SIMO and MIMO. 
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where E is the expected value 

 

 



B. SIMO 

    When Maximal Ratio Combining is employed, 

SIMO can double the effective bit to noise 

energy or SNR [6], we can double the SNRs in 

the simulation and then map the doubled SNR to 

the corresponding throughput. And thus the total 

throughput of SIMO is the expected value of all 

throughputs. 
           (    )

    (                                             ) 
 

C. MIMO 

    When MIMO is employed, we can divide it 

into two cases, depending on if there are two 

nodes that are within the synchronization 

threshold distance of each other and thus can be 

synchronized. When the nodes are synchronized, 

we can consider it at a distributed MIMO system. 

Because MU-MIMO can provide a mean 

throughput gain of 1.7x and 2.3x, we assume 

that distributed MIMO system has throughput 

0.7 times bigger than SISO throughput. When 

the nodes cannot be synchronized, since the 

receiver/ AP has two antennas, we can still 

employ receive diversity to get throughput gain 

over SISO and therefore, we can calculate the 

throughput gain by doubling the SNR ratio.  We 

can use the following formula to summarize the 

throughput of MIMO: 

           (    )     (    

                      (           )) , 

where            is the throughput we 

calculate using SNR value associated with the 

maximal distance between the two transmitters 

and the AP.  

 

3. Hypotheses and Expectations 
    In our experiments, we tried to understand the 

relationship between throughputs and transmit 

power as well as between throughput and 

synchronization distance threshold.  

    When there’s no mobility, which means that 

all the nodes are fixed, if we increase the 

transmit power, the throughputs of all the three 

transmission schemes increase as well due to the 

increase in SNR. Moreover, the SIMO and 

MIMO gains over SISO transmission scheme 

should not change as transmit power increases 

because all three of them have the same 

throughput increase due to SNR increase. 

    We hypothesize that as the transmit power 

increases, the throughputs of all the three 

transmission schemes increase as well due to the 

increase in SNR. Because mobility affects both 

the link between transmitters and receiver and 

the synchronization link, MIMO should be more 

affected by mobility than SISO and SIMO. 

Therefore, MIMO throughput gain over SISO 

with mobility should be smaller than that 

without mobility. 

    Moreover, we expect that when the 

synchronization distance threshold increases, 

SISO and SIMO throughput should not vary and 

MIMO throughput should increase because it’s 

easier for nodes to be synchronized and harder 

for synchronized nodes to lose synchronization. 

The same logic can be applied to the cases both 

with and without mobility. 

 

 

4. Simulation Results and Data 

Analysis 
4.1. Vary transmit power 
    Figure 3 and Figure 4 are Throughput Vs. 

Transmit Power with all nodes fixed (no 

mobility). We want to compare the effect of 

transmit power over throughput with and 

without mobility. In all the simulation, the 

synchronization distance threshold was set to be 

2meters. 

 

 
[Figure 3. SISO, SIMO, MIMO throughputs VS. 

Transmit power with no mobility] 



 
[Figure 4. SIMO, MIMO throughputs gain over SISO 

VS. Transmit power with no mobility] 

 

    It’s clear to see from the results that SISO, 

SIMO and MIMO have the same trend where 

bigger transmit power leads to higher throughput. 

This conforms to our hypothesis. Higher 

transmit power results in higher SNR (we fixed 

the noise power) and thus positively affects 

throughput. MIMO always has the largest 

throughput due to its spatial diversity that allows 

multiple devices to transmit simultaneously 

within the same frequency band. As long as 

there are synchronized nodes, synchronization 

won’t lose since nodes are set fixed in this case; 

therefore, MIMO throughput will definitely 

increase. 

    Both MIMO and SIMO have a generally 

constant gain over SISO as we expected. SIMO 

gain is about 1.2 while MIMO gain is about 1.3, 

except for a higher gain when transmit power 

equals 90 mW. Although MIMO has an obvious 

higher throughput than the other two types of 

transmissions, its gain over SIMO is small 

(1.3/1.2 = 1.1). This is caused by the 

transmission rule we set for our simulations, in 

which positions of fixed nodes are randomly 

selected in the 20m * 20m room, and only when 

two nodes have a distance smaller than 2m could 

they be synchronized. Therefore any two nodes 

have a small probability to synchronize to 

transmit as MIMO. 

    Figure5 and Figure 6 also show the effect of 

transmit power over throughput, but with 

mobility taken into consideration. We set the 

mobile node to move at a speed within 1m/s-

1.5m/s. We ran the simulation twice for two 

different node topologies. 

 

 

 

Topology 1: 

 
[Figure 5. Throughput VS transmit power when no 

mobility] 

 

Topology 2: 

 
[Figure 6. Throughput VS transmit power with 

mobility] 

 

    We see different resulting relationship for 

different node topologies. Since for each 

simulation, node positions are modeled by 

random walk, and for each transmission AP 

randomly decides a pair/node to transmit, there 

is high randomness added to each packet 

transmission and to each simulation process. 

The result of the first topology with mobility is 

similar to that without mobility, but MIMO 

throughput in the second topology has a larger 

variation. 

    For the first topology where MIMO performs 

worse than SIMO, we believe that it’s due to 



packet loss. Without mobility, packets could 

always be transmitted successfully with a fixed 

transmit power and noise power; SNR doesn’t 

change during the three slots required for one 

transmission. However, if nodes are mobile, 

their position changes may lead to packet loss 

due to 1) decrease in SNR of the channel 

between transmitters and the AP 2) loss of 

synchronization because transmitters’ in-

between distance is larger than the 

synchronization distance threshold or because of 

the 0.9 weight that emulates the physical 

blockage. During a packet transmission time, 

there is a higher probability for MIMO to lose a 

packet due to either one or both reasons. 

Therefore, at some points MIMO throughput is 

below SIMO throughput. 

    Additionally, our group found that both 

figures, especially the second one shows that 

larger transmit power leads to larger gain for 

MIMO over SIMO. In the first topology, MIMO 

initially is lower than SIMO but exceeds it 

eventually as we increase the transmit power. 

We thought that as we increase the transmit 

power and thus the SNR for the three 

transmission types; the gain (e.g. for MIMO it’s 

(1.7-1)*           ) also increases. 

Therefore MIMO could have better performance 

when transmit power increases. 

    Compared to the case without mobility, 

neither throughput level nor MIMO/SIMO gain 

changes much. Beyond our expectation, the 

result indicates that with mobility, channel SNR 

does not have much variation and synchronized 

nodes are able to keep their synchronization 

within a packet transmission time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2. Vary Synchronization Threshold 

 
[Figure 7. Throughputs VS. Synchronization distance 

threshold with no mobility, 

Transmit power =32mW, noise=0.2pW] 

 

 

    We first ran the experiment for the case with 

no mobility. SISO and SIMO throughput 

changed by a small amount as synchronization 

distance threshold increased. The small 

fluctuation of SISO and SIMO throughput was 

because in each simulation, we randomly chose 

a node (for SISO and SIMO) and a pair of 

synchronized nodes (for MIMO)  to transmit 

data to the AP and thus it wasn’t the same node 

or the same pair of nodes that transmitted in 

each slot in each simulation. Surprisingly, the 

result was completely opposite of our 

expectation for MIMO throughput and as 

synchronization distance threshold increased, the 

throughput decreased. It’s true that greater 

synchronization distance threshold allowed the 

nodes to stay synchronized for a longer time, but 

our result implies that 2-meter synchronization 

threshold and 10-meter synchronization 

threshold would not make a big difference.  

    After we dug into the simulation, we found 

that as synchronization distance 

threshold increased, the distance between the 

transmitters and the AP also increased. In our 

simulation, the distance between the transmitters 

and the AP was defined as the further node’s 

distance with the AP. If transmitter B was 

farther away from the AP than transmitter A, 

then the distance between transmitter B and the 

AP was considered as the distance between the 



two transmitters and the AP. This explained why 

the distance between the transmitter and the AP 

increased and thus the SNR (throughput) 

decreased as the synchronization distance 

threshold increased. 

 

 
[Figure 8. Throughputs VS. Synchronization distance 

threshold with mobility, 

Transmit power =32mW, noise=0.2pW] 

 

    Then we ran the simulation for the case with 

mobility and the ten mobile nodes could move 

with speed from 1 meter per second to 1.5 meter 

per second. The result was shown in Figure8. 

We found that MIMO throughput could never 

exceed SIMO throughput. In order to understand 

this, we ran 3-slot transmission 200 times and 

plotted the throughput distribution for the three 

transmission schemes. Note that the ten mobile 

nodes could move with speed from 1m/s to 

1.5m/s , the transmit power is 32mW, and the 

distance threshold is 2 meters. The result is 

shown in Figure9. Note that around 30% of 

MIMO throughput values were zero while SISO 

and SIMO didn’t have zero throughput. This is 

because due to physical substances that block 

the channel, we set 10% of chance that 

synchronized nodes lost synchronization even 

when they were within the synchronization 

distance threshold of each other. As a result, 

MIMO had a smaller expected value of 

throughput than SIMO. (Note: the plotted 

MIMO Throughput is not the final value; it’s not 

multiplied by 1.7 yet) 

    However, when 10 of the nodes were mobile 

and mobility was included, the throughput didn’t 

exactly decrease as the synchronization 

threshold increased.  MIMO throughput reached 

its maximum value when synchronization 

distance threshold was 4 meters. We conjecture 

that this is because when the modes could move 

around in the office, if the synchronization 

distance threshold was too small, it would be too 

easy for the mobile synchronized nodes to lose 

the synchronization. There were two factors that 

were competing against each other: 1. it was 

easier to lose synchronization when the distance 

threshold was smaller; 2. The distance between 

transmitters and receiver was more likely to be 

bigger when the distance threshold was bigger. 

When the synchronization distance threshold 

was smaller than 4 meters, the first factor 

outweighed the second factor and the expected 

value of throughput reached its maximum when 

the distance threshold was 4 meters. When the 

distance threshold was bigger than 4 meters, the 

first factor wasn’t that important anymore and 

the second factor contributed more; therefore, 

the expected value of throughput decreased as 

the distance threshold increased. 

 

 
[Figure 9. Throughput distribution when distance threshold = 2] 



5. Conclusion and limitation 
5.1 Conclusion 
    In our ELEC 537 project, we used MATLAB 

to simulate a 2-by-2 multi-user MIMO (MU-

MIMO) system in an indoor office environment, 

which had 10 fixed and 10 mobile nodes. We 

tried to compare the throughput of MIMO with 

that of SISO and SIMO in different situations, 

for example, varying transmit power and varying 

synchronization threshold. Our main 

contribution is that our system is the first MU-

MIMO system built in MATLAB that included 

mobility. Moreover, we found that 

synchronization distance threshold affects the 

MIMO throughput in the following aspects: 1) 

the smaller the synchronization distance 

threshold is, the easier the synchronized nodes 

lost their synchronization; 2) the smaller the 

synchronization distance threshold is, the 

smaller the distance between transmitters and 

receiver and thus the bigger throughput is. 

Therefore, MIMO throughput reaches its 

maximum value when the synchronization 

distance is neither too big nor small.      

 

5.2. Limitations 
Highly Directional Synchronization link model: 

    In our simulation, two nodes can be 

synchronized when they’re within a certain 

distance of each other. In other words, we have 

an omnidirectional synchronization link, instead 

of a highly directional one. In order to have a 

more realistic synchronization link model, we 

need to correct it so that two nodes can only be 

synchronized when they’re within a certain 

distance of each other in some specific 

directions. We expect that this will decrease the 

possibility that two nodes are synchronized, 

decreasing MIMO’s throughput gain. 
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